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The negative osmium ion Os − is one of very few atomic anions potentially suitable for laser cooling. We have made a measurement of the Zeeman splitting of a bound-bound transition in 192 Os − by studying the laser excitation from the 5d 7 6s 2 4 F e 9/2 ground to the 5d 6 6s 2 6p
6 D o 9/2 excited state in a homogeneous external magnetic field. The experimental Landé factors g J = 1.31 (7) and g J = 1.50 (8) , respectively, agree well with calculated values. Both levels are found to split into 10 Zeeman sublevels, resulting in 28 allowed transitions of different relative intensities, in agreement with calculations based on pure and composite LS states. In view of the experimental results, the prospects for laser cooling of Os − are discussed. 
I. INTRODUCTION
Atomic and molecular anions play an important role in many fields of physics and chemistry, ranging from plasma physics [1] to microelectronics [2] and atmospheric science [3] . Negative ion sources are indispensable components of many types of particle accelerators [4] . Owing to their unique structure, anions are also studied as model systems to better understand the importance of correlation effects and to test atomic theory [5, 6] . Finally, interest in negative ions has surged in the past few years following the observation of molecular anions in the interstellar medium [7] . Despite their importance, it is currently impossible to study negative ions at ultracold temperatures. Until now anions confined in electromagnetic traps may only be cooled to the temperature of the surrounding environment, typically a few kelvins, using electron cooling, buffer gas cooling, or resistive cooling [8] [9] [10] .
To resolve this shortcoming, a technique for the production of ultracold negative ions has been proposed [11] . The method is based on the laser cooling of an atomic anion, which can in turn be used to sympathetically cool any other negative ion species which is simultaneously confined in the same ion trap. In this way, negative ions can in principle be cooled to microkelvin temperatures or below, depending on the linewidth of the cooling transition. However, the technique of laser cooling, well established for neutral atoms and atomic cations, has so far never been applied to anions. This is because the excess electron in an atomic anion is not bound by the Coulomb potential of a positive core but rather by quantum-mechanical correlation effects. The corresponding potential is comparatively weak and short ranged, and only allows for few ( laser cooling. The very first such system, Os − , was discovered in 2000 [12] .
Our group has been studying the osmium anion by highresolution laser spectroscopy. We have measured the transition frequency and cross section of the potential laser cooling transition [13] , the hyperfine structure in isotopes with a nonvanishing nuclear spin [14] , as well as the isotope shift in the anions of all seven stable Os isotopes [15] . Having established the existence of a transition potentially suitable for laser cooling, the Zeeman splitting of the relevant states in an external magnetic field of a few teslas (such as in an electromagnetic trap) must be examined. The Zeeman effect in atomic anions has been observed previously by two different methods: (1) by resolving the Zeeman substructure in the photodetachment threshold [16, 17] , and (2) by inducing microwave transitions between Zeeman sublevels followed by state-selective photodetachment [18] . In this article, we present a measurement of the Zeeman splitting of a bound-bound transition in an atomic anion, obtained by high-resolution laser spectroscopy on an Os − beam. The experimental spectra allow the identification of the transition between Zeeman sublevels best suited for laser cooling, in terms of the intensities of the transition lines and the population of dark states.
II. THEORY
The line splitting in an external magnetic field results from the coupling of the atomic system with an external magnetic field B (see, e.g., Ref. [19] ). The magnetic moment μ of the ion is composed of orbital and spin contributions proportional to the total orbital angular momentum L and the total spin angular momentum S, respectively. This description is valid in the Russell-Saunders (LS coupling) regime, where L and S are a good basis for describing the electronic wave function. While it is generally accepted that LS coupling only applies to light and moderately heavy elements, we find that this formalism describes the Os − energy levels very well. The interaction Hamiltonian of an atom in an external magnetic field is given byĤ Zeeman = μ · B. The energy shift due to a static external magnetic field is
where μ B denotes the Bohr magneton, m J the projection of the total electronic angular momentum along the direction of the external field, and g J the Landé factor. The latter is given by
(when setting the free-electron g factor to g s = 2). With total angular momentum J gnd = J exc = 9/2, as obtained in Ref. [15] , the ground and excited states are expected to split up into 10 Zeeman levels each. Applying the appropriate selection rule m J = 0, ± 1, one predicts a total of 28 allowed transitions. These comprise ten π transitions, nine σ + , and nine σ − transitions. The calculated Landé factors for the ground and excited states are g J = 1.33 and g J = 1.56, respectively. Quantitatively, the line splitting due to the Zeeman effect is expected to be about 10 GHz T −1 , many orders of magnitude larger than the natural linewidth of the transition for external magnetic fields of the order of T.
III. EXPERIMENT
In order to verify these theoretical predictions, we carried out laser spectroscopy on 192 Os − in the static magnetic field of a superconducting solenoid magnet. In our apparatus (see Fig. 1 ), the laser is brought into transverse overlap with the ion beam via a set of mirrors and diaphragms located around the central ring of a stack of cylindrical electrodes at the center of the magnet. Due to the positioning of the central electrode and the laser entrance and exit apertures, the interaction region is limited to a volume where the magnetic-field magnitude and its homogeneity are maximal (homogeneity better than 0.1% within a radius r < 10 mm). A beam of mass-separated ions at a kinetic energy E kin = 2.5 keV, consisting of more than 90% 192 Os − , is directed through the magnet along its axis such that the magnetic field is parallel to the ion beam. After interaction of the ions with the laser field, the osmium ions, now either in the ground or the excited state, are guided towards the detection setup. Here the excited ions are field neutralized by a strong longitudinal electric field and subsequently detected as neutrals on a microchannel plate detector (MCP). Since the electric field is not sufficient to detach electrons from ions in the ground state, these ions can be separated from the neutrals by deflecting them into a Faraday cup. The ion source and spectroscopy setup are described in more detail in Ref. [13] .
The laser light is delivered by a custom-built continuouswave optical parametric oscillator (OPO) system (Xiton Photonics), which is pumped by a frequency-doubled Nd:YAG laser [20] . To ensure the stability of the laser beam alignment as well as a well-defined Gaussian beam profile, the linearly polarized laser light is transported to the entrance window into the vacuum with a polarization-maintaining optical fiber. An additional polarizer is placed in between to reduce the amount of depolarized light due to imperfections in the optical fiber. For a controlled rotation of the angle of the polarization ( P ) with respect to the magnetic field, a λ/2 plate is also introduced into the laser path. This is used to selectively drive π transitions ( P B) and σ transitions ( P ⊥ B).
Spectroscopic measurements were performed for 12 different magnetic-field magnitudes in the range B = 10-100 mT. The wavelength of the (single) transition at B ≈ 0 (magnet current I = 0 A, earth magnetic field not shielded) was found to agree with the result from the collinear setup in Ref. [13] . At each magnetic-field value, the spectra for parallel and orthogonal laser polarizations with respect to the field were recorded. Altogether 24 spectra, each containing 10 or 18 peaks, depending on the laser polarization, were taken. Typical spectra for both laser polarizations at B = 35 mT are shown in Fig. 2 . The upper graph shows the resonances for the σ transitions and the lower one for the π transitions. The solid lines are fits of sums of Gaussian functions whose energy splitting is given by Eqs. (1) and (2) . The fits use the following five parameters: the line intensities, peak width, the two Landé factors for the ground and excited states, and the magnitude of the magnetic field. The relative intensities were calculated from the relevant Clebsch-Gordan coefficients. The peak widths were held fixed at the value tot = 110 MHz found for the single peak at zero field. The resonance width is due to the Doppler broadening from the transverse velocity of the hot ions, clipped by the horizontal restrictions of the beam line ("geometrical cooling" [21] ), as well as transit time broadening from the passage of the ion beam through the laser. The magnetic-field magnitude of the superconducting magnet was calculated from the power supply current used during a given measurement. Finally, the two g J factors and the absolute intensity were extracted from the fits as the only free parameters. The fit routine was applied separately to each recorded spectrum.
The experimental results are displayed in Fig. 3 . It shows that the g J factors extracted across the entire range of magnetic-field magnitudes agree very well. We were therefore able to compute the weighted means of the Landé factors, indicated by the solid horizontal lines in the figure. The dashed horizontal lines correspond to the 1σ uncertainties of the weighted means. The final results are summarized in Table I , together with values calculated according to Eq. (2). The Landé g factors calculated for pure LS states are given in the second column. The third column shows Landé factors calculated for LS state compositions of the ground and excited states, as obtained in Ref. [22] experimental and the theoretical g J factors, particularly for the composite LS states, is found to be very good. The calculated magnetic-field magnitude is the dominant source of systematic uncertainty for the experimental values. Its estimated error is ±5%, which has to be added to the statistical uncertainties (7) from the fits. It results in a corresponding uncertainty in the experimental Landé factors. For a more precise experimental determination, an independent measurement of the magnetic field, at the site of the interaction of the laser field with the ions, would have to be established.
IV. RESULTS AND DISCUSSION
While we achieved a precision of ≈10 −7 for the transition frequencies of all allowed transitions between Zeeman sublevels, the Landé g factors were determined with an uncertainty of < 2 × 10 −4 (neglecting the uncertainty of the magneticfield magnitude). This is because the Zeeman splitting is a small correction to a large quantity. Resolved photodetachment thresholds, as in Ref. [17] or, more recently, in Ref. [23] , have not yet been successfully used to extract numerical values for g J . On the other hand, the direct measurement of the microwave transitions between Zeeman sublevels of the 2 P 3/2 ground state in 32 S − by Jopson and Larson [18] yielded a Landé g factor with a remarkable precision of 2 × 10 −5 . At this level, the result becomes sensitive to the anomalous g factor of the electron, as well as relativistic and diamagnetic effects.
Our results, along with those of Refs. [13, 14] , allow us to discuss the prospects of laser cooling Os − . Figure 4 The decay rate to the neighboring sublevel of the ground state can be calculated from the Clebsch-Gordan coefficients as c /4.5. The decay rate to the m J = −7/2 sublevel of the intermediate state has been found to be c /7.4 from relativistic configuration interaction calculations [22] . Despite the lower rates, all ions will eventually end up in either one of these two dark states. At this point, cooling will stop unless the ions are repumped to the magnetic field of 1 T, the required laser detuning for repumping the 4 F 9/2 , m J = −7/2 state is ν = 18.6 GHz. This near wavelength could be produced by electro-optical modulation of the cooling laser [24] . An additional laser system with a wavelength λ = 2.29 μm would be required to repump the intermediate 4 F 7/2 , m J = −7/2 state. Our prior measurement of the resonant cross section of the laser cooling transition [13] indicates that the transition rate is only c ≈ 50 Hz, a factor of 30 smaller than previously found. The low rate is likely due to the fact that the transition is spin forbidden (S = 3/2 ←→ 5/2). While a narrow natural linewidth corresponds to a low Doppler temperature (< μK), the low cooling rate also means that cooling takes longer. Furthermore, competing heating effects, for instance, due to the absorption of black-body radiation, must be overcome. In order to limit the required cooling time to a reasonable level, the Os − ions must be precooled to liquid-helium temperature by other means prior to laser cooling. The laser cooling from 4 K to the Doppler temperature would then take ≈ 5 min, assuming the transition is saturated.
To conclude, the Zeeman splitting of a bound-bound transition in an atomic anion has been experimentally investigated. The full spectra, each comprising 28 σ and π resonances, have been visualized by optical spectroscopy on 192 Os − in magnetic fields B = 10-100 mT. The Landé g factors g J = 1.31(7) ( 4 F 9/2 ground state) and g J = 1.50(8) ( 6 D 9/2 excited state) were found to be in good agreement with the calculated values, especially those taking into account composite LS states. The resulting energy-level diagram suggests the transition between the m J = −9/2 ←→ −9/2 Zeeman sublevels as a suitable laser cooling transition. The decay of the excited state to two "dark" states will require the use of two repumping wavelengths. Furthermore, the low cooling transition rate results in a long cooling time even if the anions are precooled. Thus, laser cooling of Os − appears feasible but challenging. It may be worthwhile to investigate other predicted boundbound electric-dipole transitions in lanthanide anions [22] , particularly La − , with a view to the laser cooling of atomic anions.
